I. INTRODUCTION
A major problem for achieving reliable and high rate underwater acoustic ͑UWA͒ communication is the severe time-variable intersymbol interference ͑ISI͒ strongly introduced in horizontal shallow water channels and, especially strong, between moving objects. In shallow water channels of 1-2 km range, no universal equation determining multipath features is available. 1 Reflections from channel boundaries and diverse objects dominate the multipath structure. The structure is geometry specific and not predictable for every communication event. Time variant multipath propagation is recognized as a basic channel characteristic, and single-path temporal fluctuations are considered as primary performance problems.
The various approaches developed for communication in shallow water can be divided into two main groups: phasecoherent and noncoherent methods. The last group of methods accomplishes robust communication link but provides rather low data rates. Contrary-phase coherent-methods allow much faster link using, however, typically highly complex processing procedures and expensive, noncompact array constructions. Designed for high data rate communication in the severe ISI environment, systems based on the phasecoherent methods employ either some form of array processing, or equalization methods, or their combinations. Three main approaches have recently been developed for implementation in phase-coherent receivers. They are introduced in ͑1͒ processing methods based on joint synchronization and equalization for combating the effects of phase variations and severe ISI, 2,3 ͑2͒ array processing methods 4 focused on the use of arrays to excite only a single path of propagation, ensuring that only a single deterministic path makes a major contribution to received signal, and ͑3͒ methods of adaptive beamforming for multipath rejection at the receiver end providing an adaptive algorithm for nulls steering in the direction of a surface reflected wave. 5, 6 The first approach has been developed at Northeastern University and WHOI. 2, 3, 7 It contains the strategy of the optimal phase synchronization and channel equalization jointly. The phase coherent communication system has been shown achieving high data rates by successfully tracking and updating time-varying phase fluctuations in signals dominated by multipath components. 2 However, serious application limitations emerge for this kind of coherent communication if impulse response functions within an equalized packet become significantly decorrelated. 8 In practical applications, sourcereceiver movements can considerably induce such coherence diminution. Most suitable in dynamic channels ''fast'' equalizers are typically applied, being realized on the base of recursive least squares ͑RLS͒ algorithm. However, even the fastest among others, an adaptive RLS equalizer encounters convergence problems when a channel impulse response changes significantly in less than 10 impulse response durations ͑symbol durations͒, which is often approached in ocean 1,9 Time-variant multipath structures also create difficult synchronization problems, typically encountered by communication in nearly all channels of interest. [8] [9] [10] The second approach uses differently coherent detection and relies on array processing to eliminate multipath arrivals. 4 It focuses on the use of transmitter arrays to excite only a single path of propagation. Equalization is not used, since the shallow water channel is considered exhibiting too rapid Rayleigh fading for an adaptive equalizer to follow. In the receiving end instead, an array is employed to compensate for random propagation irregularities. Generally, it was found that the technique becomes remarkably less effective at longer ranges.
The third approach, developed at the University of Newcastle, uses an adaptive beamforming at the receiver end and carries out the isolation of an undesired propagation path based on angular separation of multipath arrivals. 11 The approach exploits a least-mean-squares-type algorithm to adaptively steer nulls in the direction of reflected wave. 5, 6 Similarly as in the last case, it was found that the beamforming system reduces its performance with growing communication distance as a consequence of decreasing the angular separation rate for all the propagation paths in the channel. 12 To compensate for this effect, the use of an equalizer was proposed to complement the performance of the beamformer. 5 Such combination implies again, however, the likely equalizer convergence problems often encountered in dynamic fast-varying channels.
The limitations of current approaches motivate the search for another strategy by which the time-varying ISI can be effectively treated.
As noticed by Catipovic, 1 the multipath propagation itself does not introduce the fundamental performance limitation for acoustic telemetry system; rather, single-path temporal fluctuations are primary performance problems. This concern stays perfectly true so far as a time-based filtering approach, like equalization based on a tapped delay line filter, takes place. Temporal phase/frequency impairments, obtained by the signal during its propagation over different paths, are coupled at the receiver so that no accurate timedomain filtering can be accomplished. The longer the time spread the stronger the dynamic influence, the less accuracy that can be achieved.
In this paper, an alternative approach is suggested, where the separation of every single path occurs not in time but in frequency domains by means of usual band-pass filters. In order to facilitate it, a revision of carrier signals ͑Sec. II͒ must initially take place.
A significant advantage of the method consists in the fact that an accurate multipath separation can be easily achieved without application of complex processing structures like adaptive equalizers. Instead, a simple preprocessing unit will be implemented into the receiver section capable of transforming a complex time-varying multipath mixture to a combination of frequency-spaced multipath arrivals making use of a new sort of carrier signal applied. An important aspect is the effect that every multipath signal is separated together with only its individual time-varying ͑phase͒ impairments, obtained with the signal during its propagation over a certain path. That is, signal impairments, specific for a given propagation path, are completely separated from signal deformations obtained by the signal during its propagation over every different path. Hence, each single time-varying multipath arrival can be processed individually and, thus, in the best form for further evaluation of its information symbols. If necessary, all single-path deformations can be tracked during the processing by means of conventional and rather simple components like phase tracking loops.
In the paper, we introduce an innovative sweep-spread carrier communication ͑S2C-communication͒ method capable of significantly improving the signal-to-multipath and signal-to-noise ratio. The method considers sweeps not as information but as carrier signals. Using the property of acoustic signals to propagate under water with relatively low speed, the method allows us to accurately separate multipath arrivals by converting their time delays into their frequency reallocations provided that sufficiently steep sweeps are applied.
The operating environment of the proposed system would be a broad range of shallow water channels both with strongly expressed thermally layered water and with wellmixed isothermal water. It can be applied to any acoustic channel where the effect of multipath propagation has a significant influence. The respective system can be made compact and easy to deploy since only one transmitter is needed; real time analysis can be implemented using relatively inexpensive processing components.
It should be noted that this study was designed to investigate only the feasibility of the new method, therefore, no large data rates were applied, and also no tests for long distance link were carried out. Since a pool or small shallow water lake represents the ''worst case'' in terms of reflections strength and their spread delay, those conditions were primarily chosen for our experiments. The effect of distance enlargement was initiated by varying the transmission power, channel variations were achieved via vertical and horizontal moving of the transmitter hydrophone, which, together with the existence of strongly introduced multipath propagation, allowed for the creation of experimental conditions very close to those usually experienced in practical applications.
In Sec. II, the sweep-spread carrier is defined. Section III gives an analysis of the behavior of signals with such a carrier in a multipath channel. The system design is given in Sec. IV. The off-line processed experimental results are presented in Sec. V, followed by discussion and conclusions.
II. THE SWEEP-SPREAD CARRIER
The current approach is associated with spread-spectrum communication methods.
Let us concentrate on a phase shift keying ͑PSK͒ system. The peculiarity of the new method is that the phaseencoded signal is modulated not only to a commonly used frequency-constant or stepped varying carrier, but onto a carrier that experiences permanent frequency variations. We shall refer to it as the sweep-spread carrier ͑S2-carrier͒, which consists of a succession of sweeps spreading the signal spectrum over a broad bandwidth.
What is the advantage of such a solution for underwater acoustic communication? Usually, when sending a signal of constant frequency through a channel with strong time varying and extended reverberation, the highly unstable multipath arrivals will interfere with each other so that the phase as well as the amplitude of the resulting signal will permanently fluctuate. Under those conditions, it becomes extremely complicated to work with phase-or amplitudeencoded signals. However, by applying signals with a frequency gradient ͑sweeping͒ carrier, the problem can be solved. If the frequency gradient is rather large, then each multipath signal, arriving with its individual time delay to receiver, will have its own instant frequency, which significantly differs from instant frequencies of all other multipath arrivals. Thus, for example, an instant frequency of a reflected sweep signal can lag essentially behind the frequency of the direct sweep signal, and, in this way, the multipathinduced masking effect can be effectively avoided. The larger the sweeping rate, the better multipath resolution can be achieved.
Before considering the behavior of the S2-carrier in a numerical model of an UWA channel, it should be defined in mathematical terms.
Let the S2-carrier consist of a succession of sweeps with frequency variation from L to H within a time interval T sw , and let all the sweeps be uniformly produced in a linear manner with rapid frequency variation following each other successively without any gap between them ͑Fig. 1͒. Then such an S2-carrier can be written as
where A c is the amplitude, mϭ( H Ϫ L )/2T sw is a coefficient denoting the frequency variation rate, L and H denote respectively the lowest and highest angular frequencies, T sw is the sweep duration, and the term ͓t/T sw ͔ denotes the operand for truncating the value to the nearest least integer. Per definition,
which can be interpreted in Eq. ͑1͒ as an actual cycle time with the cycle duration T sw .
The peculiarity of the carrier expressed with Eq. ͑1͒ consists in the presence of a quadratic member in the parentheses. ͑Here we use linearly modulated sweeps with constant m, but in general, any sonogram form can be defined by changing m with time.͒
III. BEHAVIOR SIGNALS WITH THE S2-CARRIER IN A MULTIPATH CHANNEL
Let s(t) symbols be phase encoded data. The symbols are modulated onto the S2-carrier, that is,
x(t)ϭs(t)•c(t),
what produces a sweep-spread signal ͑S2-signal͒. The signal is transmitted over the UWA channel, whose overall model is shown in Fig. 2 . The part of the model which represents the water medium consists of a number of delay elements with i , denoting time intervals between two successive multipath arrivals, and a number of multiplication elements with coefficients V i taking into account possible attenuations on interfering multipath signals.
The term h s (t) represents the impulse response of the transmitting filter and h r (t) that of the receiving filter for intermediate frequencies. A real, practical model contains typically not constant but time-varying delay elements as well as time-varying coefficients V i . However, to simplify the analysis of the received signal, we neglect these variations on the current step and derive an expression for a signal received after propagation over this channel. If both the c(t) and s(t) have unit amplitudes, and, as noted, every coefficient V i and delay element i stays constant over the entire transmission line, then, after propagation along different paths in the underwater medium, the transmitted signal comes to the receiver in the form:
where x(t) is defined above, x(tϪ i ) is written as follows,
͑4͒
and n(t) is the white noise. It is evident that
where t c ϭ͕t/T sw ͖T sw is the cycle time defined in Eq. ͑2͒, and ci ϭ͕ i /T sw ͖T sw is a fractional part of the time delay related to the sweep duration T sw . Thus, every delayed arrival represented in the second member of Eq. ͑3͒ can be rewritten as
͑6͒
After transformation of Eq. ͑6͒, each delayed arrival can be then written as
where
signifies the frequency deviation of an ith multipath arrival provided by the delay i , and
is the phase of the ith multipath arrival. The term with iϭ0 in Eq. ͑3͒ represents an attenuated version of the original signal, and the other term signifies the multipath diversity of its delayed, attenuated, and frequencyshifted reproductions. Especially important in Eq. ͑7͒ is that at any instant all the interfering multipath arrivals have different frequencies spaced by ⌬ i from each other. This effect is shown in Fig. 3 ͑see frequency axis at time point t i ).
The same can be shown also for time-varying channels. Let us insert an additional member d in the equations ͑3͒ and ͑4͒, which reflects the influence of Doppler onto the received signal. Then, the first term in Eq. ͑3͒ must be consequently rewritten as x(t) exp ( j d t) and Eq. ͑4͒ must be complemented with a respective term containing the Doppler frequency so that
where d i is the Doppler frequency encountered in an ith propagation path. The last exponent in Eq. ͑8͒ can reflect also time-varying phase/frequency shifts experienced by the signal in the channel. In this case, the d i is characterized with a time-dependent function specific for the ith path, induced, for example, due to internal waves, reflections from moving surface waves, motion, etc. When analyzing the expression in Eq. ͑8͒, one can conclude, however, that Doppler shifts belonging to different paths will not be coupled ͑will not interact͒ while the d i -frequency band enlargement of ith multipath signal-stays within certain boarders; namely so that a maximum value dmax i of the time-varying band- , which implies restrictions on the resolution gain of the multipath arrivals. Generally, to attain a good resolution, the following inequality must satisfy
. Accomplishment of this inequality becomes easily possible in UWA channels profiting from relatively low sound speed in water and from setting the sweeps to really steep values.
The following interpretation is central for our method: by introducing the S2-carrier, a time spread of the signal in a multipath channel can be converted into a frequency reallocation of individual multipath arrivals over a definite spectrum area. By achieving an appropriate frequency separation of the multipath arrivals, considerable frequency-based ''rectification'' of the receiving signal can be attained, whereby each desirable spectrum component ͑multipath arrival͒ can be selected and processed individually. 13 Moreover, every multipath arrival-frequency band-is separated together with its individual time-varying ͑phase͒ deformations, obtained by the signal during its propagation over a certain path; the arrival does not contain any time-varying impairments specific for different propagation paths. An obvious fact is that a function of single-path time variations is usually not as intricate as one induced by interaction of time variation functions delivered to a receiver with multiple arrivals over differently varying propagation paths. Therefore, if necessary, an accurate tracking of ͑motion-induced͒ signal deformations becomes easily possible even by means of conventional and rather simple components like phase-tracking loops.
Hence, any time-varying multipath distorted signal can be represented with one single arrival, i.e., in the best form for processing and consequent evaluation of an encoded parameter.
IV. SYSTEM DESIGN

A. Despreading
To simplify the demonstration of signal processing, we assume that only a few symbols are transmitted over the channel so that their total duration corresponds to only one single sweep. Figure 4͑a͒ schematically shows the sonogram of this signal coming to the receiver over four different propagation paths. Although only one single sweep cycle was sent, a multipath variety of four S2-carrier cycles shifted ͑in relation to each other͒ with certain delay intervals i will be obtained by the receiver. These cycles are shown with different line styles, depicting apart from their different arrival instances also their different energy attributes. Because of the distinct attenuations over different propagation paths, one cycle from this variety may contain more energy than the others. Let this one be marked by a solid line. As it shows the best SNR, exactly this arrival is reasonable to separate from the others for further processing. However, it may be rather tricky to design a dynamic filter providing sufficiently sharp filtering to separate variable carrier frequencies.
Therefore, an appropriate transformation ͑despreading͒ must be primarily carried out, that is, the frequency variations must be removed. This transformation implies a multiplication of the received signal with an appropriately varying gradient-heterodyne signal having the same sweep cycle and the same slope of the frequency variation.
How to determine the S2-carrier cycle with most energy will be shown later. Here we assume the timing to be known from a previously accomplished training period. To distinguish the desired cycle from the others, we will refer to it as the ''main S2-cycle'' or ''main multipath signal,'' and the others as ''interfering S2-cycles'' or ''interfering multipath signals.''
The transformation begins with mixing the received sig- nal ͓Fig. 4͑a͔͒ with the gradient-heterodyne signal ͓Fig. 4͑b͔͒. With the correct timing parameter, generation of the heterodyne signal starts exactly at the instant when the main multipath signal arrives. Such a mixing produces two spectrum parts, where the lower one represents constant intermediate frequencies well suited for further processing. Figure  4͑c͒ shows the spectrum of intermediate frequencies ͑IF͒ in the low-pass range. Every spectrum line in the range corresponds to an arrival of the S2-signal over a given propagation path. Apart from different time delays i , every multipath arrival has also its unique frequency value ͑which is a very desirable result͒. This gives us a very good opportunity for combating the multipath interferences in frequency domains via usual band-pass filtering. After separation, each multipath arrival can easily be handled and independently processed in any conventional way for evaluation of its information parameter.
B. Initial estimation and specification of spreading and synchronization parameters
To initialize the event, a short synchronization preamble consisting of a series of sweeps is sent over an actual UWA channel.
The first parameter to be estimated is the timing of the main S2-cycle in a mixture of preamble's multipath arrivals. In mathematical terms, this can be obtained based on maximum likelihood estimation principles, as follows.
Let a received preamble sweep signal be denoted by u and the gradient-heterodyne signal by v. The frequency of the gradient-heterodyne signal is always the value of IF higher than that of the transmitted one. The received signal is sampled and observed at times t. In our case, preamble signals are not encoded, i.e., all symbols have the same value.
As defined above ͓Fig. 4͑c͔͒, the main multipath signal ͑''main spectral line''͒ can be centered in the filter window 2⌬⍀ by shifting, for example, the received signal in relation to the gradient-heterodyne signal. To spend less of the scan time, rather large shifting steps can be initially used for coarse alignment of the received signals in time. With regard to the 2⌬⍀ window width, this step size must stay, however, under a given boundary to avoid the risk for the IF spectrum to ''skip'' over the 2⌬⍀. So, the step t st must be set slightly less than
Assuming that the noise is Gaussian, the frequency of a strongest spectral line in every scan step is determined by After the coarse alignment in time has been accomplished, the timing uncertainty is within one t st interval. Seeking for an accurate timing parameter, an element modifying the coarse timing to a precise value can be found from the frequency difference between the main spectral line and the central frequency of the 2⌬⍀ window such as
Finally, the timing estimate is
The second parameter to be adjusted is the sweep gradient, which has to ensure a sufficient quality in separation of the main spectral line from the entire IF multipath spectrum. Depending on the channel's multipath time structure, the gradient must be set steep enough to guarantee that the distance between the main spectral line and its adjacent neighbor is large enough for its pure band-pass filtering. To verify this condition, an additional procedure examining the IF spectrum ͑multipath structure͒ was implemented. Striving for an opportunity to realize it in the real time, an algorithm representing a combination of two standard functions ''running maximum'' and ''running minimum'' ͑MatLab5.2, 1998͒ was applied. Scanning the entire vector with the IF power spectrum, the frequency indexes of all spectral lines together with their energy attributes could be determined. Finally, a feedback message is to be conveyed back to the transmitter, either to redefine the sweep gradient for a given data rate, or, in contrary, to specify another data rate for the gradient initially used.
C. Differential PSK receiver
After filtering out a suitable spectral line, decoding starts. In these experiments, a PLL local oscillator could be efficiently used since the deeply suppressed time-varying multipath arrivals could not seriously influence the loop stability. However, in the off-line processing, a simple differential four-point PSK ͑QPSK͒ receiver was used. Demodulation was performed by comparing phase from symbol to symbol. In every signaling interval, phase values were determined applying FFT analyses. The diagrams and BERs later shown were generated by such a demodulator.
V. EXPERIMENTAL RESULTS
In March and August 1999, some 4 GB data were acquired in shallow water channels in a lake ͑Baggersee near Bremen, Germany͒ and in the Baltic Sea ͑Eckenförde Bucht͒
in order to test the method. In the lake, the communication distance was short ͑108 m͒, but because of rather small lake dimensions ͑maximum diameter 300 m͒, the interferences were especially severe. In the Baltic Sea, the distances were up to 2 km under a relatively flat sea surface, where the multipath structure was represented with a small number of independent interferers. In both cases, the transmitted signals were successfully decoded. The material obtained in the lake was, however, more representative. In the following section, some results of these Baggersee experiments will be presented ͑with permission of STN Atlas Elektronik GmbH͒.
The data shown was taken from one of the acquired 1-s data blocks, which were used for off-line processing to evaluate the method's performance.
A. Experimental setup
Transmit and receive transducers were mounted respectively at ϳ2 and ϳ13 m below the water surface from stationary platforms. The cite depth changed gradually from ϳ12 m at transmitter to ϳ17 m towards receiver. The horizontal radius was about 108 m. The lake conditions were rather uncalm; the wind strength reached about 5-6 m/s, and it was quite noisy because of heavy traffic over a highway near the lake. The source power has been varied, so that different SNRs were available for subsequent analysis. To imitate a source/receiver motion, the transmitting hydrophone was permanently moved during the experiment with a maximum speed of 2 m/s.
The S2-carrier occupied the frequency range from 42 up to 82 kHz, and had a sweep cycle time of 10 ms, thus making a frequency gradient of 4 kHz/ms.
For the broadband communication proposed, a new special broadband transmitter has been used: a model, which has a flat transmitting voltage response ͑TVR͒ in the range between 42 and 82 kHz with a maximum deviation of 3 dB from its central value.
As mentioned, this experiment was aimed solely at testing the physical feasibility of the approach, therefore, no high data rates were used: the modulation format was differential QPSK with the bit rate of 2 kb/s. Thus, the symbol duration was exactly 1 ms; every sweep of the sequence carried ten symbols.
The channel probe consisted of three sweeping pulses with an interval 0.5T sw between them. The data block durations were from 0.4 up to 1.0 s long. The signal shape was rectangular. The received signal was sampled at a 320 kHz rate.
B. Despreading parameters
The received signal was multiplied with a locally generated version of the S2-carrier-a gradient heterodyne signal-having the same steepness ͑4 kHz/ms͒ and the same sweep cycle ͑10 ms͒ being produced, however, with an initial frequency of 10 kHz less than that of the transmitted signal ͑i.e., in range from L Ϫ10 kHz to H Ϫ10 kHz͒. Hence, the main spectral line of the IF spectrum, being obtained with the correct timing, ought to have its location into a filter window with the central frequency of 10 kHz, as well. A BPF filter, applied to prevent an influence from neighboring spectral lines, was of the least square FIR type and contained 20 coefficients. The filtering window width was 2 kHz, whereby the low and high cut frequencies were set on 9 and 11 kHz, respectively.
C. Channel characterization
To gain insight into the channel characteristics, a series of channel estimations was performed initially by transmitting unmodulated S2-carrier sweeps over the channel. After despreading and low-pass filtering, the IF spectrum reflected the multipath delay spread structure of the channel.
The channel was not constant during the observation time. When looking at the behavior of the principal arrival, it has become obvious that it was not always the same arrival that had the largest energy. This made it possible to have more than one principal arrival in this channel. Figure 5 re- frequencies. An important detail is that such alteration can occur within a very short time ͑40 ms between these two snapshots͒. Power fluctuations, registered for the both multipath arrivals, were about 2-3 dB. The two dominating frequencies were adjacent and separated 1300 Hz from each other. Figure 6 shows the snapshot of the multipath structure with much better resolution obtained for an unmodulated sweep with the duration of 5 ms ͑in Fig. 5 the resolution was five times less͒. As one can see, the structure consisted of about ten multipath arrivals. The delay between the two principal arrivals received was about 320 s, which was very close to the estimated delay of 325 s for the surface reflected path if using simple geometry. The total multipath delay spread was estimated about 2.5 ms.
The frequency distances between multipath signals stayed stable during transmission of the data block, which would recall the work of many stations with close frequency spacing. Proceeding from the symbol rate and the distance between the two multipath arrivals-''two adjacent channels''-we normalized the frequency distance and calculated the relative frequency distance between these two interfering ''adjacent channel'' as dϭ(1300 Hz)/͑1000 symbols per second͒ϭ1.3. Applying the filter to the main multipath signal and relying on calculations made for a case of the interchannel interference in Calandrino et al., 14 this distance ought to be large enough to provide an error rate much below 10 Ϫ4 . This was confirmed also by the experimental investigation of the carrier phase stability.
We observed a superimposition of 200 neighboring 1-ms long symbol intervals evaluated for the main spectral line in the IF range. Since the S2-carrier was transmitted without modulation, all phases of these symbol intervals ought to have approximately equal values, i.e., their differential values should be situated close to zero. The scatter plot of such differential phases is shown in Fig. 7 . Since the signals were amplitude limited before their phase was evaluated, the scatter has the differential values located always the same distance from the plot center.
This figure shows utterly tolerable dispersion, whereby the SNR for this case was slightly more than 9 dB. The overall dispersion was evaluated to be in order of Ϯ10 degrees. Figure 8 shows the results obtained with differential QPSK signals transmitted over the Baggersee channel using the S2-carrier.
D. Performance results
The main multipath signal had again a SNR of slightly more than 9 dB. The component was filtered using the same linear FIR filter as above and phase evaluated. The scatter Relatively large phase scatter can be explained with a residual interaction between multipath arrivals owing to still nonsufficient separation rate between them.
Although long-trial tests were still not carried out, we could at least roughly evaluate the error probability for this case. Letting the phase dispersions in every sector be normal around its central value, the calculated error probability P e estimated was 5.8ϫ10
Ϫ5 , thus completely satisfying the usual UWA communication requirement.
VI. DISCUSSION AND CONCLUSIONS
The theoretical as well as the experimental results conclusively demonstrate the successful operation of the method in reducing the effects of multipath propagation in an underwater acoustic telemetry link. Especially in shallow water channels, communication can be substantially improved by the implementation of the S2C method.
The primarily important feature of our method is that filtering occurs not in time but in frequency domains. Using the property of acoustic signals to propagate under water with relatively low speed, the method allows us to extensively space all multipath arrivals in time-frequency area by converting their time delays into their frequency reallocations provided that sufficiently steep sweeps are applied. This is a significant advantage over the state of the art methods.
Although no large data rates were applied, it is straightforward to evaluate an achievable data rate for practical shallow water UWA channels. Let us consider, for example, a typical North Sea channel ͑mixed water͒, where it is usual to expect several multipath arrivals with the surface reflection as the strongest one. At distances of about 1-1.5 km and communication depths of 15-30 m, the time delay between direct path and such surface reflection would represent a quantity of usually 0.4 -0.5 ms. By carrier sweep gradients of 10-12 kHz/ms, a resolution of the multipath signals would be around 5 kHz. Assuming a symbol rate of also 5 kHz, the speed of exchanges with QPSK signals would have the value of 10 kb/s. Considering the property of very weak correlation between sweeps being generated with opposite directions of frequency change ͑cross sweeps͒, it becomes possible to transmit at least two S2-carriers simultaneously in the same frequency range. Thus applying such crosssweep configuration of the S2-carrier, a bit rate of 20 kb/s at distances of 1-2 km seems to be very realistic.
For any multipath structure, a suitable frequency gradient can be set in the training section, where two tendencies should be taken into account. The higher the desired resolution, the steeper sweeps must be produced. On the other hand, the steeper the sweeps, the shorter the cycle time of an S2-carrier. If the cycle time becomes too short, the current arrivals of the running cycle may interfere with tail arrivals of a previous cycle. A compromise has to be found, however, the sweep cycle T sw must generally exceed the channel's delay spread. In the example of the North Sea channel, the steepness of 10 kHz/ms and the bandwidth of 50 kHz provide the carrier sweep cycle of 5 ms. Since the total delay spread in such a channel represents usually a value of no more than 5 ms, no interference between sweeps of neighboring cycles is to be expected.
It is worthwhile also mentioning that strong ISI encountered in our experimental channel can yield even better performance than in other channels, which do not exhibit the double principal arrival structure. The advantage of the method is the ability of the receiver to exploit natural signal redundancy inherent in consequence of the multipath propagation, e.g., by accurate separation and processing of several ͑even time-varying͒ arrivals simultaneously. In this case, much more energy of the received signal can be utilized for parameter evaluation providing increasing statistics for receiver decisions about arriving symbols.
A silent aspect of the approach consists of the ability to considerably improve the SNR by transmitting sweep-spread S2-signals owing to reducing influence of narrow-band noise. Thus, considerable distances can be achieved even when higher frequencies ͑up to 80-90 kHz͒ are in use. 
